A highly polymorphic Xenorhabdus luminescens strain was isolated. The primary form of X. luminescens was luminescent and nonswarming and produced a yellow pigment and antimicrobial substances. The primary form generated a secondary form that had a distinct orange pigmentation, was weakly luminescent, and did not produce antimicrobial substances. Both the primary and secondary forms generated a set of colony variants at frequencies that exceeded normal rates for spontaneous mutation. The variant forms include nonswarming and swarming forms that formed large colonies and a small-colony (SC) form. The primary and secondary forms generated their SC forms at frequencies of between 1 and 14% and 1 and 2%, respectively. The SC forms were distinct from their parental primary and secondary forms in colony and cellular morphology and in protein composition. The cellular morphology and protein patterns of the nonswarming and swarming colony variants were all very similar. The DNA fingerprints of all forms were similar. Each SC-form colony reverted at high frequency to the form from which it was derived. The proportion of parental-type cells in the SC-form colonies varied with age, with young colonies containing as few as 0.0002% parental-type cells. The primaryto-secondary switch was stable, but all the other colony forms were able to switch at high frequencies to the alternative colony phenotypes.
The genus Xenorhabdus is composed of insect pathogens that live symbiotically with nematodes of the families Steinernematidae and Heterorhabditidae (2, 4, 19, 34, 43) . The nonfeeding, juvenile forms of these nematodes carry the Xenorhabdus monoxenically in their guts (10, 11, 16, 19, 43) . These forms infect a wide variety of insects and release their Xenorhabdus strain in the hemolymph, where they proliferate and, in combination with the nematode, rapidly kill the insect (13, 14, 16, 30, 33, 43) . Most strains of Xenorhabdus produce antimicrobial substances that prevent the growth of competing microorganisms in the insect carcass and provide required nutrients utilized by the nematodes (3, 5, 32, 36) . The nematodes grow readily in this protected environment and complete their life cycle in approximately 14 days.
Because of the considerable interest in the Xenorhabdusnematode system as a biological control agent, it is necessary to develop an understanding of the genetics and unique physiology of the xenorhabdus (34) . The genus Xenorhabdus is composed of a number of species that fall into several DNA homology groups (4, 5, 8, 13, 22, 44) . Most Xenorhabdus spp. have the unusual ability to exist in two forms, designated the primary and secondary forms. The primary form is usually isolated from the nematode host and is characterized by its ability to produce antimicrobial substances and nutrients required by the host nematode for optimal development. The secondary form, which does not produce the antimicrobial substances or support optimum growth of its host nematode, is usually isolated from infected insects, from monoxenic in vitro cultures of nematodes and symbiotic bacteria, or from pure cultures of the bacterium (1, 4, 5, 8, 13, 22) . Although the two forms usually differ in their colony morphology and in a number of other biochemical characteristics, both are pathogenic to insects.
Phenotypic switching involving colonial morphology (17, 18, 37, 42) , surface antigens (e.g., pili and flagella), bioluminescence, and cell pigments (31, 39) has been observed in a wide range of bacteria as well as in the yeast Candida * Corresponding author. albicans (9, 40) . During the development of a DNA transformation system for Xenorhabdus spp., we observed that a strain of Xenorhabdus luminescens isolated in this laboratory exhibited a number of previously unreported highly unstable colony phenotypes. One of these variants contained cells with a distinctly different morphology. In this report we describe and partially characterize these colony forms, and we present data to suggest that several independent switching systems are operating in this bacterium. (27, 41) . SDS-PAGE was performed as previously described with 12% acrylamide gels (26) .
MATERIALS AND METHODS
General methods. Antibiotic susceptibility of X. luminescens was determined by spreading 0.1 ml of an overnight culture onto LB plates before adding the sensitivity disks (Difco). The diameter of inhibition zones was measured after incubation at 28°C for 24 h. MICs were determined for select antibiotics by incubating the bacteria in 1 ml of LB medium plus antibiotic at 28°C for 24 h without shaking. The production of antimicrobial substances by Xenorhabdus spp. was determined as described by Akhurst (3 a Diameter measured after 24 h of incubation at 28°C; the disk diameter (5.6 mm) was subtracted from the values.
b Minimum concentration of antibiotic that completely inhibited growth at 24 h in a 1-ml culture of LB medium incubated without shaking at 28'C.
c ND, Not done.
The antibiotic susceptibilities and a number of biochemical and physical characteristics of X. luminescens RH/1 are shown in Tables 1 and 2 . The colonies were brightly luminescent, flat, and semidry with slightly irregular margins ( Fig. 1A and 2A) on both LB and NBT plates. Isolated colonies on LB agar plates initially developed a bright yellow pigment, which was replaced within 3 to 5 days with a brown diffusible pigment. All of the listed characteristics, including the development of an intense salmon-pink pigment on NA plates and the wide range of cell sizes, are consistent with the isolate being a strain of X. luminescens (1, 4, 8, 12, 22, 43, 44 (Fig. 1B) Fig. 2A, 2B, type, interpretation of the biochemical data is difficult. Neutral red was not absorbed, sheep erythrocytes were not hemolyzed, and antibiotics were not produced by RH/1SC colonies until they developed sectors or papillae; in addition these reactions were weak due to the limited growth of the sector and papillae on the aging medium (Table 2) . Similarly, positive reactions for urease production and citrate utilization in RH/1SC cultures were delayed, apparently due to the time necessary for adequate numbers of RH/1 cells to be produced to effect the changes ( Table 2 ). The assumption that the RH/1 cells are responsible for the responses is supported by the observation that when single SC colonies were transferred daily in LB (28°C and 200 rpm) for 3 days, the proportion of RH/1 to RH/1SC increased from 0.0002% in the original suspension to 4% in the third subculture. On the other hand, the vigor of the catalase reaction carried out on young SC colonies suggested that the small cells themselves contain catalase. SDS-PAGE analysis of the colony forms. To determine relatedness between the various colonial phenotypes, the SDS-PAGE protein patterns of 70 different X. luminescens RH/1 isolates representative of all eight colonial forms were compared (Fig. 3) . Only major protein differences and similarities that were consistently seen are indicated in Fig. 3 and are discussed. Two lanes of RH/1 are included in the gel for ease of comparison (Fig. 3, lanes 3 and 9) . The protein patterns of the primary-and secondary-form colonial variants, RH/1-RH/2, RH/lS-RH/2S, and RH/lB-RH/2B, are nearly identical ( Fig. 3; lanes 1 through 3, 6 through 8, and  9) . The swarming forms, RH/lS-RH/2S, consistently had a protein band with an apparent molecular mass of 35 kilodaltons (kDa) that was more intense than bands at the same position in the other colony forms (Fig. 3, lanes 1 and 8) .
These data indicate that all these colonial variants are derivatives of X. luminescens RH/i.
Both of the SC forms (Fig. 3 , lanes 4 and 5) have protein patterns similar to one another, but they differ significantly from those of the RH/1 and RH/2 forms. The following differences were notable: (i) the SC forms were missing a major protein with an apparent molecular mass of 35 kDa, (ii) there were a number of differences in the protein pattern of the two colonial types in the 45-to 100-kDa range, and (iii) the SC forms were missing a major protein with an apparent molecular mass of 13.8 kDa and had a group of three proteins (apparent molecular masses of 13.7, 14.8, and 15.7 kDa) not shared with the other RH/1 or RH/2 forms. In addition, there were quantitative differences in the staining intensity between a number of bands in the two groups, the importance of which has not been determined. Although the protein patterns suggest a close relationship between some of the colony variants, the SC variants showed many differences from the other RH/1 and RH/2 forms.
DNA fingerprinting analysis of the Xenorhabdus forms. Since the restriction enzyme digestion pattern of the genomic DNA of each bacterial species is unique, a comparison of the digestion pattern of genomic DNA of the respective variants was undertaken to determine relatedness. Of the restriction enzymes tested for their ability to cleave the X. luminescens genomic DNA (NotI, HindIII, SalI, BamHI, EcoRI, and EcoRV [29] ), only EcoRI and EcoRV cut the DNA well. Because the number of fragments produced by these restriction enzymes was too large to be resolved in agarose gels, acrylamide gel electrophoresis was used. The results of the DNA fingerprint analysis are shown in Fig. 4 . Although band intensities differed between lanes, the restriction digestion patterns of all four DNAs cleaved with both EcoRI (Fig. 4, lanes 3 through 6) or EcoRV (lanes 7 through 9) were very similar, and their EcoRI digestion patterns were clearly different from that of E. coli CA77 (lane 2). These data show that all four forms tested are genetically similar and are therefore likely derivatives of the same parent.
DISCUSSION
Although the phenomenon of colonial dimorphism in Xenorhabdus spp. is well documented, neither the mechanism responsible for these changes nor the functional significance of the various forms is known (1, 12, 13 (6) . A variety of X. luminescens strains have been described, including strains that differ in pigmentation (4, 22) . DNA relatedness (22) , physiological characteristics (8, 12, 13) , and luminosity (7, 12) . The data presented here comprise the first description of the metastable nature of X. luminescens RH/1 and show that, in addition to the relatively rare transition from primary to secondary form, both the primary and secondary forms of X. luminescens RH/1 have the ability to switch at high frequency between a variety of colony phenotypes, including an SC form that differs not only in colony morphology but also in physiology, cellular morphology, and protein composition. We have also observed the generation of the SC form in six independently isolated X. luminescens strains (obtained from Barbercheck), and we have obtained secondary and B forms from five of them. These data support the suggestion that the unstable property is a general characteristic of X. luminescens spp. and not a unique feature of the RH/1 strain. Studies are currently underway to determine the relationship between these strains and X. luminescens RH/i.
Because the original organism was isolated under conditions that did not assure purity, it was necessary to rigorously prove that the colony variants, in particular the SC variant, were not contaminants. The combination of a failure to separate the colony variants by standard techniques and the relatedness data from SDS-PAGE analysis and DNA fingerprinting provides strong evidence that all of the colony and cellular forms observed in this study were derived from X. luminescens RH/i. These observations lead us to conclude that X. luminescens is more phenotypically heterogeneous than has been previously recognized (8) and raise important questions of (i) the mechanism by which these variants arise and (ii) the function of this variability in the survival of the xenorhabdus.
Polymorphism in bacteria and other microorganisms is not unusual; many bacteria and yeasts produce colonial and cellular variants (17, 18, 20, 31, 37, 39, 40, 42) . The colony variants of X. luminescens RH/1 described in this work resemble those reported for Proteus hauseri, which is capable of generating a number of colonial variants including several different swarming forms, nonswarming forms, and a "Tropfcherform" or droplike colony (18, 20 (18, 23, 45) . How (Fig. 1B) . Under the microscope the flares of X. luminescens RH/1 are seen to consist of cells with a pattern of movement similar to that described for other swarmers (23, 37, 38) . The description of the droplike colonies of P. hauseri indicates that they superficially resemble the SC forms of X. luminescens RH/1; however, since this form of P. hauseri was not studied in detail, it is not possible to further relate the two colony forms (18, 20) .
The metastable nature of the multiple colony phenotypes generated by X. luminescens RH/1 is also similar to that observed in other systems. These systems are all characterized by spontaneous and reversible switching between variant colony or other phenotypes at frequencies that significantly exceed normal reversion rates (9, 17, 18, 23, 37, 39, 40, 42) . The general pattern of our data is comparable to recently reported findings of phenotypic switching of Thiobacillus ferrooxidans (37) . The mechanism responsible for the high frequency of variation in the T. ferrooxidans system, as well as in several other systems showing phenotypic variation, has been described as the action of transposons or insertion sequences (9, 31, 37, 39, 40) . Our data suggest that a similar mechanism is responsible for the high rate of colony variation in X. luminescens RH/1 and, possibly, for the primary-secondary switching in Xenorhabdus spp.
The considerable differences between the SC and the parental primary-secondary forms indicate that any switching mechanism responsible for this transition must regulate a number of genes. Systems that regulate a number of proteins in response to stress (e.g., the SOS system, H202) are well documented (25) . For (9, 40) .
The variety of colonial forms generated by X. luminescens RH/1 may be explained by assuming that multiple switching systems are involved in the polymorphism of this bacterium; i.e., each of the transitions (e.g., RH/1 to RH/1B, RH/1 to RH/2, etc.) being regulated by a separate genetic switch. At least three different switching systems producing multiple colony phenotypes in C. albicans have been identified (40) .
The fact that the B-type colonies predominate in liquid cultures, regardless of the origin of the inoculum, suggests that environmental factors may play a role in the rate of switching between forms. Exact switching frequencies (e.g., SC variants versus parental forms) are difficult to obtain because of differences in growth rates and the influences of various environmental conditions on the switching frequencies (40 (21) . A similar theory has been proposed for the instability of T. ferrooxidans (37) .
